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Abstract 
Calibration is crucial for hexapods with high-accuracy positioning capability. Many of these calibration procedures require 
measurement of hexapod’s platform pose (position and orientation) at constant temperature. Consequently, thermal deflection of 
the hexapod’s platform during pose measurements impacts the accuracy of calibrated parameters. This paper presents a method to 
eliminate the impact of thermal deflection of hexapods on their pose measurement. In this method, a reference pose is measured 
before each measurement of any particular pose. The measurements of reference pose are used to estimate thermal deflection of 
hexapod’s legs. This is in turn used to estimate and correct the resulting pose error at the particular pose to be measured. The 
advantage of using the proposed method is demonstrated experimentally by means of pose measurements of a high-precision 
hexapod using a CMM.  
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1. Introduction  
Hexapods are increasingly being used for high-accuracy 6-DOF 
positioning applications. Different types of calibrations 
(geometric, elastostatic, etc.) are performed to achieve their 
high-acccuracy positioning capability. These calibrations are 
sensitive to the accuracy of platform pose measurements. Many 
of these calibration procedures require the hexapod to be at a 
constant temperature during pose measurements using the 
conventional method. When this condition is violated, the 
accuracy of calibrated parameters is affected. 
This paper presents a method to solve the aforementioned 
problem. The presented method eliminates the effects of 
thermal deflection of the hexapod on platform pose 
measurement. The advantage of the presented method has 
been experimentally demonstrated by means of pose 
measurements of a high-precision hexapod performed using a 
CMM. This paper is organised as follows: section 2 outlines the 
conventional pose measurement method and its drawback. 
Section 3 presents the thermal deflection decoupled pose 
measurement method for hexapods. Section 4 presents the 
experimental study followed by conclusions in section 5. 
2. Conventional pose measurement method and its drawback      
Pose measurements are always made by measuring points 
using a measurement system which has a coordinate frame 𝑀 
attached to it. All the points are measured with respect to this 
coordinate frame. The requirement is to measure the coordinate 
frame fixed to the platform (platform frame), 𝑆𝑖, when the 
hexapod is in any 𝑖𝑡ℎ arbitrary configuration with respect to 
another coordinate frame 𝑂. The frame 𝑂 is defined at some 
geometric landmark on the hexapod. 
The conventional method to measure the 6-DOF pose vector 
of the platform frame of an arbitrary pose 𝑆1 with respect to 
frame 𝑂 is illustrated in figure 1. The frame 𝑂 is measured with 
respect to 𝑀 first. This coordinate frame is measured with the 
legs having a temperature set 𝑡1 = [𝑡11, 𝑡12, . . , 𝑡16], where  𝑡1𝑖 is 
the temperature of the 𝑖𝑡ℎ leg during this measurement. Let this 
measured frame be called 𝑂𝑡1. Any coordinate frame can be 
measured with respect to 𝑀 using different methods and 
depends on the measurement setup available [1-4]. After 
measuring 𝑂𝑡1, the platform frame 𝑆1 is measured. This 
measurement happens with the legs having a temperature set 
𝑡2 = [𝑡21, 𝑡22, . . , 𝑡26]. Let this coordinate frame be called 𝑆1
𝑡2. 
The transformation between the coordinate frames 𝑂𝑡1 and 𝑆1
𝑡2, 
written as 𝑇(𝑂𝑡1 , 𝑆1
𝑡2), is then computed. Consequently, the 
corresponding 6-DOF pose vector 𝑋
𝑆1
𝑡2
𝑂𝑡1  is obtained. 
From the description presented above, it can be easily seen 
that the measured transformation would have been different if 
the hexapod’s legs would have had the temperature set 𝑡1. The 
platform frame in this case (𝑆1
𝑡1) would have a different pose 
vector 𝑋
𝑆1
𝑡1
𝑂𝑡1 . This is due to the thermal deflection of the legs of 
the hexapod with the change in their temperatures from set 𝑡1 
to set 𝑡2. Temperature change also affects other dimensions of 
the hexapod. However, for most hexapods, the thermal 
deflection of legs is much higher than that of the other parts 
because: (a) the legs generally have larger dimensions (length) 
as compared to the other parts, and (b) driving motors are 
mounted on/near the legs which heat the legs more than the 
other parts. 
To understand the problem with the conventional pose 
measurement method, consider the case of geometric 
calibration. When the conventional pose measurement method 
is used in geometric calibration, different platform poses are 
measured with the legs at different temperatures. This can 
happen due to heating supplied by motors or the surrounding 
air. Consequently, different measured poses have the influence 
of different magnitudes of thermal deflections of legs. This 
  
situation is problematic for geometric calibration.  This is 
because, in geometric calibration, the difference between 
measured and commanded poses of the platform are 
considered to be a consequence of errors in known geometric 
parameters only [5]. Hence, the accuracy of calibrated 
geometric parameters is adversely affected when the 
conventional pose measurement method is used. The same 
problem can also impact accuracy of identified stiffness 
parameters in hexapod elastostatic calibration [6]. 
 
 
 
Figure 1. Illustration of the conventional pose measurement method to 
measure the coordinate frame of an arbitrary pose 𝑆1 with respect to a 
coordinate frame 𝑂  
 
3. Thermal deflection decoupled pose measurement method      
Figure 2 illustrates the proposed method to measure the 6-
DOF pose vector of the platform frame of an arbitrary pose 𝑆1 
with respect to frame 𝑂. In this, frame 𝑂𝑡1 is measured first (with 
the legs having temperature set 𝑡1). Immediately after this, the 
platform is moved to a reference pose 𝑅. This pose is measured 
quickly such that the measurement happens with the legs having 
the temperature set 𝑡1. Let this measured frame be called 𝑅
𝑡1. 
The platform can then be moved to any arbitrary pose (frame 
𝑆1) and the platform frame can be measured with the legs having 
a temperature set 𝑡2. This measured frame is 𝑆1
𝑡2. An additional 
measurement of the frame 𝑅 must be performed quickly  
before/after measuring 𝑆1
𝑡2 . This measurement must be carried 
out with the hexapod’s legs having the temperature set 𝑡2 
(measured coordinate frame: 𝑅𝑡2). 
 
 
 
Figure 2. Illustration of the thermal deflection decoupled pose 
measurement method to measure the coordinate frame of an arbitrary 
pose 𝑆1 with respect to a coordinate frame 𝑂  
 
 
 
Figure 3. Flowchart of procedure to post-process the measured data to 
obtain the required pose vector in the thermal deflection decoupled 
pose measurement method 
 
Figure 3 illustrates the method to obtain the necessary pose 
vector 𝑋
𝑆1
𝑡1
𝑂𝑡1  using the measurement data obtained from the 
measurements outlined above. The measurement procedure 
described can be used to obtain three transformations: 
𝑇(𝑂𝑡1 , 𝑅𝑡1), 𝑇(𝑂𝑡1 , 𝑅𝑡2) and 𝑇(𝑂𝑡1 , 𝑆1
𝑡2). Consequently,  the 
corresponding 6-DOF pose vectors, 𝑋𝑅𝑡1
𝑂𝑡1 , 𝑋𝑅𝑡2
𝑂𝑡1  and 𝑋
𝑆1
𝑡2
𝑂𝑡1 , can be 
obtained. These pose vectors can be used to get the 
corresponding leg lengths of the hexapod by using the inverse 
geometric model (𝐼𝐺𝑀) of the hexapod [7]. 𝑞𝑅𝑡1 , 𝑞𝑅𝑡2  and 𝑞𝑆1
𝑡2  
are the arrays containing the leg lengths of the hexapod 
corresponding to pose vectors  𝑋𝑅𝑡1
𝑂𝑡1 , 𝑋𝑅𝑡2
𝑂𝑡1  and 𝑋
𝑆1
𝑡2
𝑂𝑡1 , 
respectively. 𝑞𝑅𝑡1  and 𝑞𝑅𝑡2  can then be used to compute the 
thermal deflection the hexapod’s legs corresponding to 
temperature change from set 𝑡1 to set 𝑡2, with the platform at 
pose 𝑅. Let the array containing these leg deflections be called  
Δ𝑞𝑅𝑡1−𝑅𝑡2  and let Δ𝑞𝑅𝑡1−𝑅𝑡2
𝑖  be the deflection of the 𝑖𝑡ℎ leg. The 
thermal deflection due to temperature change of legs from set 
𝑡1 to set 𝑡2 of the 𝑖
𝑡ℎ leg of the hexapod at the arbitrary pose 𝑆1, 
Δ𝑞
𝑆1
𝑡1−𝑆1
𝑡2
𝑖 , can then be estimated easily. The task here is to find 
the thermal deflection of the legs with lengths 𝑞
𝑆1
𝑡2 , 
corresponding to temperature change of legs from set 𝑡1 to set 
𝑡2, when the thermal deflection of the same legs with lengths 
𝑞𝑅𝑡1  are known. The method to perform this computation must 
respect the dimensions and material properties of the 
components of the leg assembly. Δ𝑞
𝑆1
𝑡1−𝑆1
𝑡2  can then be 
  
subtracted from 𝑞
𝑆1
𝑡2  to obtain 𝑞𝑆1
𝑡1 .  𝑞𝑆1
𝑡1  is the array containing 
the leg lengths when the platform is at the arbitrary pose 𝑆1  and 
the legs have temperature set 𝑡1. Finally, the necessary pose 
vector 𝑋
𝑆1
𝑡1
𝑂𝑡1  can be obtained by using forward geometric model 
(𝐹𝐺𝑀) of the hexapod [7] corresponding to  𝑞
𝑆1
𝑡1 . When multiple 
platform poses shall be measured using this method while leg 
temperatures change, the measured poses will not have the 
influence of different magnitudes of thermal deflections of legs. 
Hence, the drawback of the conventional method can be 
overcome using this method. 
4. Experiments and results      
This section presents the details of an experimental study 
performed to compare the conventional and proposed 
methods. The legs of the hexapod were heated during this 
experiment to control and slightly exaggerate heating in legs. 
This was done to clearly show the advantage of the proposed 
pose measurement method over the conventional method. 
Figure 4 shows the test setup used for this experimental study. 
A high-precision positioning hexapod from Symétrie [8] was 
used for this study and this has a repeatability of ±0.5µm in 
translations and ±2.5µrad in rotations. A flexible electric heating 
mat was fixed to each leg to facilitate heating. Thermocouples 
were used to measure the temperature of each leg and the 
surrounding air. Precision balls were fixed to the hexapod’s 
platform which were used for measuring the coordinate frame 
fixed to the platform. The measurements were performed using 
a LK-METRIS CMM equipped with a RENISHAW SP25 touch 
probe. The uncertainty of points measured using this CMM, 
quantified using the MPEP value [9], is about ±2 µm. 
 
 
 
Figure 4. Test setup 
 
Poses of the platform of the hexapod used in this study are 
defined by a coordinate frame fixed to the platform at its center. 
The position and orientation of this platform frame is pre-
defined using holes and planes which are precisely machined on 
the platform in the manufacturing phase. The coordinate frame 
with respect to which any pose of the platform is defined (𝑂) is 
the platform frame with the hexapod in a certain configuration. 
In this configuration, the hexapod’s actuators/legs are locked at 
a certain length and all the legs have the same length. This pose 
will be referred to as zero pose. The pose vector of the platform 
pose is written such that the first three elements represent the 
translations and last three represent rotations, along and about 
the X, Y and Z axes of 𝑂, respectively. The hexapod’s platform 
has the pose vector [0 𝑚𝑚 0 𝑚𝑚 0 𝑚𝑚 0° 0° 0°] when the 
platform is in zero pose (figure 5). 
 
 
 
Figure 5. Hexapod with platform in [0𝑚𝑚 0𝑚𝑚 0𝑚𝑚 0° 0° 0°] pose 
(top view) 
 
In order to perform platform pose measurements, the 
platform frames must be measured with respect to the 
coordinate frame of the CMM. In order to do this, the platform 
frame is first measured by measuring the holes and planes 
precisely machined on the platform, with the hexapod in any 
configuration. Quickly after this, the centers of the three 
precision balls are identified by measuring several points on the 
surface of each ball. Consequently, the position and orientation 
of the platform frame is known with respect to the three balls. 
Note that this relationship is fixed since the balls and the 
platform frame are fixed to the platform. Now, to measure the 
platform frame with the platform in any pose, just the centers of 
the three balls need to be measured. The corresponding 
platform frame can then be identified using the relationship 
known between the platform frame and the centers of balls. 
In this experimental study, the pose to be measured (refered 
to as measurement pose from here), called 𝑆1in sections 2 and 
3, was the zero pose. This pose was chosen to be measured in 
order to facilitate the ease of understanding results as the 
hexapod is symmetrical in this configuration (see figure 5). The 
reference pose 𝑅 to be used in the proposed pose measurement 
method had the pose vector [0 𝑚𝑚 0 𝑚𝑚 − 40 𝑚𝑚 0° 0° 0°]. 
The necessary measurements were made to perform the pose 
measurement as per the proposed method (see section 3). Note 
that (a part of) these measurements can also be used for 
performing pose measurements as per the conventional 
method. 10 trials of measurements were performed and the 
hexapod’s legs were heated during this using the electric heating 
mats. The measurements were then post-processed as per the 
conventional and proposed methods. 
In the proposed pose measurement method, the thermal 
expansion of the legs with the platform in measurement pose 
had to be predicted. This had to be done using the measured 
thermal expansions of the legs at the reference pose (see figure 
3). The following logic was used for this: the legs of the hexapod 
used in this study could be divided length-wise into an 
Aluminium part of fixed length and a Steel part of variable 
length. When the platform is moved from one pose to another, 
the Steel parts of legs change their lengths to achieve the new 
required lengths. When the thermal expansion of legs at the 
reference pose were measured, the corresponding thermal 
expansions of the Aluminium and the Steel parts could be 
determined. This could be done because the lengths and the 
thermal expansion coefficients of the two parts were known. 
The length of each leg and the corresponding length of the Steel 
part, with the hexapod in the measurement pose, were also 
known. The thermal expansion of the Steel part of each leg 
  
measured in reference pose was then appropriately scaled to 
estimate the thermal expansion of the Steel part of each leg in 
measurement pose. The thermal expansion of the Aluminium 
part was same for the reference and measurement poses as this 
part does not change its length. The total thermal expansion of 
each leg at the measurement pose was then obtained by adding 
the corresponding thermal expansions of the Steel and 
Aluminium parts. 
Figure 6 shows the pose parameters of the measurement pose 
measured by using the conventional and proposed methods. 
𝑇𝑥𝑚𝑒𝑠, 𝑇𝑦𝑚𝑒𝑠 and 𝑇𝑧𝑚𝑒𝑠 are the components of measured pose 
vector corresponding to translations along X, Y and Z axes of the 
hexapod, respectively. 𝑅𝑥𝑚𝑒𝑠, 𝑅𝑦𝑚𝑒𝑠 and 𝑅𝑧𝑚𝑒𝑠 are the 
components of measured pose vector corresponding to 
rotations about X, Y and Z axes of the hexapod, respectively. 
Figure 7 shows the temperatures measured at different 
locations during this test. 
 
 
 
Figure 6. Measured pose parameters using conventional and proposed 
methods with the platform in zero pose 
 
 
 
Figure 7. Measured temperatures 
 
Figure 6 shows that the measured pose parameters obtained 
using the conventional method deviates significantly with every 
trial. These observed deviations can be correlated with the 
change in temperature between trials. The trend of deviation of 
𝑇𝑧𝑚𝑒𝑠 using the conventional method is similar to the trend of 
the change in temperature of all legs. This behaviour is logical 
given the orientation of all legs in the considered measurement 
pose. Also, deviation seen in 𝑇𝑥𝑚𝑒𝑠 using conventional method 
increases with every consecutive trial until the end. This can be 
explained by the temperatures measured in legs 2, 3, 4 and 5. 
The temperatures of legs 2 and 5 are higher than those of legs 3 
and 4 during the test and this difference increases with every 
consecutive trial until the end. Consequently, legs 2 and 5 push 
the platform more in positive X-direction as compared to legs 3 
and 4 pushing it in the opposite direction. Furthermore, 
deviation seen in 𝑅𝑥𝑚𝑒𝑠 using conventional method also 
increases with every consecutive trial until the end. This can be 
explained by the difference in temperatures of legs 3 and 5 (with 
leg 5 heating more than leg 3) which follows a similar trend. 
Consequently, leg 5 pushes the platform more about the X-axis 
as compared to leg 3 and results in a positive rotational 
deviation about the X-axis with every consecutive trial. The pose 
parameters measured using the proposed method do not 
deviate with change in temperature of hexapod’s legs, unlike the 
ones measured using conventional method. It is, therefore, clear 
that the proposed method is effective in eliminating the 
influence of thermal deflection of the hexapod on the measured 
pose parameters. 
5. Conclusion 
This paper presented a method to eliminate the influence of 
thermal deflection of a hexapod on the measured 6-DOF pose of 
its platform. The presented method is validated experimentally 
by means of pose measurements of a high-precision hexapod 
using a CMM. Results of this experimental study confirm the 
efficacy of the proposed method. In future work, the use of 
measured temperature data to eliminate the influence of 
hexapod’s thermal deflection on the measured 6-DOF pose of its 
platform will be developed. 
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